Phosphate (Pi) deficiency in soils is a major limiting factor for plant growth. In response to Pi deprivation, one prominent metabolic adaptation in plants is the decrease in membrane phospholipids that consume approximately one-third cellular Pi. The level of two phospholipid-hydrolyzing enzymes, phospholipase Df2 (PLDf2) and non-specific phospholipase C4 (NPC4), is highly induced in Pi-deprived Arabidopsis. To determine the role of PLDf2 and NPC4 in plant growth under Pi limitation, Arabidopsis plants deficient in both PLDf2 and NPC4 (npc4pldf2) were generated and characterized. Lipid remodeling in leaves and roots was analyzed at three different durations of Pi deficiency. NPC4 affected lipid changes mainly in roots at an early stage of Pi deprivation, whereas PLDf2 exhibited a more overt effect on lipid remodeling in leaves at a later stage of Pi deprivation. Pi deficiency-induced galactolipid increase and phospholipid decrease were impeded in pldf2 and npc4pldf2 plants. In addition, seedlings of npc4pldf2 had the same root hair density as pldf2 but shorter root hair length than pldf2 in response to Pi deficiency. The loss of NPC4 decreased root hair length but had no effect on root hair density. These data suggest that PLDf2 and NPC4 mediate the Pi deprivation-induced lipid remodeling in a tissue-and time-specific manner. PLDf2 and NPC4 have distinctively different roles in root hair growth and development in response to Pi deprivation; PLDf2 negatively modulates root hair density and length, whereas NPC4 promotes root hair elongation.
INTRODUCTION
Phosphate (Pi) is essential for plant growth and development. Pi deficiency in soils is widespread and a major limiting factor for crop production (Grabau et al., 1986; L opez-Arredondo et al., 2014) . In response to Pi deficiency, one of the major metabolic changes is membrane lipid remodeling, a process in which Pi-containing lipids, such as phosphatidylcholine (PC), are decreased, whereas non-Picontaining lipids, such as digalactosyldiacylglycerol (DGDG), are increased (Andersson et al., 2003; Shimojima and Ohta, 2011; Nakamura, 2013; Pant et al., 2015) . Cellular phospholipids contain approximately one-third cellular organic Pi. The decrease in phospholipids provides Pi for other critical cellular needs, and also diacylglycerol (DAG) as substrate for the synthesis of non-Pi-containing glycerolipids.
One way to decrease phospholipids is via phospholipase-mediated lipid hydrolysis (Cruz-Ramirez et al., 2006; Li et al., 2006a; Gaude et al., 2008; Nakamura et al., 2009) . Among various families of phospholipases, the expression of phospholipase Df2 (PLDf2) and non-specific phospholipase C4 (NPC4) is most highly induced in response to Pi deficiency (Nakamura et al., 2005; Cruz-Ramirez et al., 2006; Li et al., 2006b) . Analyses of PLDf2 and its mutant showed that this enzyme plays a role in plant response to Pi deprivation. PLDf2 hydrolyzes PC to generate phosphatidic acid (PA) that can be dephosphorylated by a phosphatase to release Pi and DAG. In addition, PA is a mediator in various cellular and physiological processes (Hong et al., 2016) . Genetic suppression of PLDf2 attenuated the Pi-deficiency-induced decrease in PC and increase in DGDG (Cruz-Ramirez et al., 2006; Li et al., 2006a) . PLDf2 plays a positive role in primary root elongation and also root hair morphology under Pi deprivation. The effect of PLDf2 on membrane lipid remodeling is tissue specific, and also dependent on the Pi-deficiency treatments (Cruz-Ramirez et al., 2006; Li et al., 2006b) , suggesting that other phospholipases are involved in lipid remodeling under Pi deprivation.
Analyses of NPC4 in vitro showed that NPC4 hydrolyzes various phospholipids, including PC, phosphatidylethanolamine (PE), PA and phosphatidylserine (PS), to produce DAG (Nakamura et al., 2005; Peters et al., 2010) . The knockout mutant npc4 showed significantly shorter root hairs than wild-type (WT) under Pi-limited conditions (Chandrika et al., 2013) . Root hairs play important roles in nutrient absorption, and root hair density and length increase under Pi limitation (S anchez-Calder on et al., 2006; Bouain et al., 2016) . However, previous studies failed to detect significant alterations in the PC to DGDG ratio in the knockout mutant npc4 under Pi deficiency in leaves and seedlings (Nakamura et al., 2005; Peters et al., 2010) , and the metabolic function of NPC4 in lipid remodeling remains unclear. It is unknown whether the two highly Pi-deficiency-induced NPC4 and PLDf2 have overlapping functions in lipid remodeling. This study was undertaken to determine the relationship between PLDf2 and NPC4 in lipid remodeling and plant response to Pi deprivation. The effect of npc4pldf2 was compared with npc4 and pldf2 single knockout mutants in leaves and roots under different durations of Pi deficiency. The results reveal that PLDf2 and NPC4 have distinguishable effects on membrane lipid remodeling, and the effects differ between leaves and roots as well as during different stages of Pi deprivation. In addition, PLDf2 and NPC4 play distinctively different roles in root hair density and growth in response to Pi deficiency.
RESULTS

Isolation of npc4pldf2 double knockout mutant in Arabidopsis
The double knockout mutant npc4pldf2 was generated by crossing npc4 and pldf2 single knockout mutants (Figure 1a) . The npc4 and pldf2 mutants have been confirmed previously, and these mutants have been genetically complemented by introducing the native NPC4 and PLDf2 to the respective knockouts (Li et al., 2006a; Peters et al., 2010) . To verify the loss of NPC4 and PLDf2 expression in the mutants, NPC4 and PLDf2 transcripts were detected using reverse transcription (RT)-polymerase chain reaction (PCR) using RNA isolated from WT, npc4, pldf2 and npc4-pldf2 as templates under Pi-replete and -deficient conditions. Both NPC4 and PLDf2 transcripts in leaves and roots displayed an increase under Pi-deficient over Pi-replete conditions (Figure 1b) . The NPC4 transcript was detected in WT and pldf2 mutants, but not in npc4 or npc4pldf2 mutants under Pi-deficient or Pi-replete condition in leaves or roots (Figure 1b) . Likewise, the PLDf2 transcript was detected in WT and npc4 mutants, but not in pldf2 or npc4-pldf2 mutants (Figure 1b) . These results were consistent with those by real time-PCR (qRT-PCR) quantification (Figure 1c) . NPC4 or PLDf2 transcripts in npc4pldf2 did not show an increase in response to Pi deficiency, and were at the background level of the npc4-and pldf2-single mutants (Figure 1c) . The results showed that the npc4pldf2 double mutant lost the expression of both NPC4 and PLDf2.
NPC4 and PLDf2 mutants affect the expression of genes in lipid remodeling
The qRT-PCR quantification indicated that the NPC4 transcript level in roots of pldf2 was approximately 100% higher than that of WT under Pi deprivation ( Figure 1c , right upper panels), whereas the PLDf2 level was approximately 40% higher in npc4 than WT roots ( Figure 1c , right lower panels). In leaves, the NPC4 transcript level in pldf2 tended to be higher than that in WT, but the PLDf2 level was comparable between npc4 and WT under Pi deprivation ( Figure 1c , left panels). The results indicate that the loss of PLDf2 has an impact on NPC4 expression and vice versa in roots.
These changes in PLDf2 and NPC4 expression in npc4 and pldf2, respectively, prompted the assessment of whether the loss of NPC4 and/or PLDf2 affected the expression of other genes involved in lipid remodeling (Figure 2 ). PA phosphohydrolase (PAH) hydrolyzes PA to produce DAG, which is the precursor for glycerolipid production. In leaves, Pi limitation induced the expression of PAH1 more than PAH2, and the magnitude of the induction was similar among all genotypes, except for a higher PAH2 induction in npc4 and npc4pldf2 mutants than WT. In roots, the low Pi-induced expression of PAH1 in pldf2 and npc4pldf2 was lower than WT and npc4. Monogalactosyldiacylglycerol (MGDG) synthase (MDG) uses DAG to synthesize MGDG that DGDG synthase (DGD) uses to make DGDG. In leaves, the expression of MDG2 and 3, and DGD1 and 2 was induced by low Pi availability, but pldf2 and npc4pldf2 leaves exhibited a higher level of MDG3 induction than npc4 or WT (Figure 2) . In roots, all mutants displayed a higher level of MGD3 induction but a lower level of DGD1 induction than WT (Figure 2 ).
Loss of NPC4 and PLDf2 impedes primary root growth under Pi deprivation
Under Pi-sufficient conditions, the growth of npc4pldf2 plants in soil was slower in early stages, and the rosette leaf radiation of 3-week-old npc4pldf2 plants was smaller than WT and single knockout mutants (Figure 3) . The overall growth and development of npc4 and pldf2 single knockout was similar to WT in later stages (Figure 3b ). For seedlings grown on a plant nutrient medium with 1% sucrose containing sufficient Pi (1 mM), the primary root length of pldf2 and npc4pldf2 seedlings was similar to that of WT, whereas the primary roots of npc4 seedlings were approximately 5% shorter than WT at 10 days after germination (Figure 4) . No difference occurred to the primary root tip of all four genotypes under Pi-replete and -deficient conditions ( Figure S1 ). Lateral root length and numbers of npc4 and pldf2 single and double mutants were similar to those of WT (Figure 4) .
Under Pi limitation (1 lM), primary root length was decreased. At 10 days after germination, the length of primary roots was WT > npc4 > pldf2 = npc4pldf2 (Figure 4) . The primary root length of npc4 seedlings was about 10% shorter than WT, whereas that of pldf2 and npc4pldf2 was about 15% shorter than that of WT (Figure 4b ). There was no significant difference in primary root length between pldf2 and npc4pldf2 mutants (Figure 4b ). Lateral root number was comparable among four genotypes. The results indicate that the loss of NPC4 decreases root growth under both Pi-sufficient and -deficient conditions, with the decrease stronger under Pi deficiency, whereas the loss of PLDf2 reduces primary root growth only under Pi deficiency. The data from single knockout indicate that PLDf2 has a greater effect than NPC4 on promoting primary root growth in response to Pi deficiency. of NPC4 and PLDf2 on root hair number and growth, root hair density and root hair length were measured and compared among four genotypes. With sufficient Pi, root hair density and length were comparable among pldf2, npc4 and npc4pldf2 ( Figure 5 ). Under Pi deficiency, all genotypes displayed an increase in root hair numbers at the 0-5 mm region from the root tip compared with sufficient Pi (Figure 5a ,b). WT and npc4 had a similar increase (~75%), but pldf2 and npc4pldf2 had a higher increase (~100%) in root hair density than WT and npc4 ( Figure 5b ). In addition, root hair length at the 3-4 mm region from the root tip in all genotypes increased, with the increase being the smallest in npc4 (~10%) and greatest in pldf2 (~50%; Figure 5c ). The root hair density of WT and npc4pldf2 was comparable. The results suggest that PLDf2 is a negative regulator of both root hair density and length under Pideficient conditions. In comparison, NPC4 promotes root hair elongation under Pi deficiency.
PLDf2 and NPC4 affect lipid remodeling in roots and leaves differently at different stages of Pi deprivation
To examine the effect of PLDf2 and NPC4 on lipid remodeling, seedlings were subjected to Pi deprivation for 5, 10 and 14 days, and lipids were then extracted from leaves and roots separately for profiling. After 5 days of Pi deprivation, npc4pldf2 roots had significantly less DGDG accumulation and less PE increase than in WT and single mutants ( Figure 6 ). DGDG levels in npc4pldf2 roots were increased by approximately 3.5-fold, whereas those in WT, npc4 and pldf2 roots were about fivefold ( Figure 6a ). PE levels were decreased by 25% in WT, npc4 and pldf2 roots, but 18% in npc4pldf2 roots ( Figure 6d ). PC levels were decreased by approximately 7% in four genotypes (Figure 6c) . PA content significantly decreased in pldf2 and npc4pldf2 roots, but not in WT and npc4 roots ( Figure S2 ). In contrast to roots, lipid levels in 5-day Pi-starved leaves were similar among all genotypes ( Figure 6 ). These results suggest that both PLDf2 and NPC4 contribute to PE decrease and DGDG increase in roots, and that PLDf2 promotes PA production. After 10 days of Pi deprivation, the magnitude of lipid changes, such as increase in galactolipids and decrease in phospholipids, was greater than that of the 5-day treatment ( Figure 6 ). The double mutant npc4pldf2 leaves had a smaller increase in DGDG than WT and single mutants. The level of DGDG in leaves was increased by 90% in npc4-pldf2, but approximately 130% in WT and single mutants ( Figure 6a ). For MGDG, a smaller increase occurred in both pldf2 and npc4pldf2 than WT and npc4 leaves. The level of MGDG was increased by 20% in pldf2 and npc4pldf2, but 55% in WT and npc4 (Figure 6b ). In roots, the level of MGDG and DGDG is much lower relative to that in leaves ( Figure 6 ). No significant difference in MGDG or DGDG Seedlings were germinated and grown in phosphate (Pi)-sufficient (1 mM Pi) liquid medium for 5 days, and then transferred into medium with 1 mM Pi (+Pi) or medium without Pi (ÀPi) for another 5 days. Total RNA was extracted from leaves (a) and roots (b), and subjected to quantitative real time-polymerase chain reaction (qRT-PCR). Levels of expression were normalized to UBIQUITIN 10 (UBQ10) as the internal control, and shown as folds to that of wild-type (WT) under +Pi condition. Values are means AE SD (n = 3). Different capital letters indicate differences at P < 0.05 among genotypes under sufficient Pi using one-way ANOVA. Different lower letters indicate differences at P < 0.05 among genotypes under deficient Pi by one-way ANOVA. Asterisk indicates significant (P < 0.05) differences between same genotypes under Pi-sufficient or -deficient conditions based on Student's ttest. NPC4, non-specific phospholipase C4; PLDf2, phospholipase Df2. . These results indicate that PLDf2, but not NPC4, promotes MGDG increases in leaves, and that PLDf2 and NPC4 both contribute to the DGDG increase. For phospholipids, pldf2 and npc4pldf2 leaves had a higher level of PC than WT and npc4 under Pi limitation. Pi deficiency induced a 50% decrease of PC in WT and npc4 leaves, but only a 10% decrease in pldf2 and npc4-pldf2 leaves (Figure 6c ). PE levels in pldf2 and npc4pldf2 were higher than those in WT and npc4 leaves, but the pldf2 and npc4pldf2 effect on PE decrease was not as great as that on PC (Figure 6d ). In roots, no significant difference in phospholipid levels was observed between WT and mutants under Pi deprivation ( Figure 6 ). These results indicate that PLDf2 promotes PC and PE hydrolysis in leaves. After 14 days of Pi deprivation, seedling growth was severely retarded and there were no significant differences of various lipid species in roots and leaves among four genotypes, except phosphatidylglycerol (PG) and PA (Figures S3). In roots, PG levels in npc4pldf2 and pldf2 were lower than that in WT and npc4 ( Figures S3g) . The PA levels in roots of pldf2 and npc4pldf2 were significantly lower than those in WT and npc4 (Figures S3e). In leaves, PG levels in npc4pldf2 were lower than WT and single mutants ( Figures S3g) . The decrease in PG in npc4pldf2 may result from an effect of the double mutant on retarded plant growth because PG is present primarily in photosynthetic, thylakoid membranes.
We further analyzed lipid molecular species to gain insights to the pathways involved in lipid remodeling (Figure 7) . In 5-day Pi-starved roots, the mole percentage of DGDG molecular species measured was increased to different extents, leading to the change of relative composition of molecular species with the most abundant species switched from 36:6 DGDG to 34:3 DGDG compared with Pireplete roots (Figure 7a ). The molecular species composition of newly accumulated DGDG resembles closely that of PC or PE species composition in Pi-replete roots, suggesting that PC and PE provide DAG substrates for DGDG production during Pi deprivation. Among all DGDG molecular species, compared with WT, 34:4 DGDG and 34:2 DGDG accumulated less in pldf2 roots, while 34:3 DGDG, 34:2 DGDG and 36:3 DGDG accumulated less in npc4pldf2 roots (Figure 7a ). On the other hand, a smaller decrease of 34:3 PE and 34:2 PE occurred in the double mutant (Figure 7c) . The results imply that PLDf2 and NPC4 prefer 34C PC and 34 C PE, and produce DAG for DGDG synthesis.
In 10-day Pi-starved leaves, the lipid remodeling did not change relative molecular species composition of DGDG, MGDG, PC or PE. The accumulation of all DGDG/MGDG molecular species except for 36:5 DGDG/MGDG was suppressed in the npc4pldf2 double mutant compared with WT (Figures 7d and S4) . The hydrolysis of all measured PC species and all measured PE species except for 36:3 PE was inhibited in pldf2 and npc4pldf2 leaves but not in npc4 leaves (Figure 7e,f) , suggesting that PLDf2 plays a dominant role in hydrolyzing PC and PE over NPC4 in Pistarved leaves. However, by comparing pldf2 and npc4-pldf2, less accumulation of certain DGDG species (34:3, 34:2, 36:4 and 36:3) and MGDG species (34:6 and 34:4) and less decrease of certain PC species (34:3) and PE species (36:6 and 36:5) indicated that both NPC4 and PLDf2 were able to hydrolyze PC and PE and contributed to DGDG and MGDG accumulation. Seedlings were germinated and grown on plant nutrient sucrose (PNS) agar plates with 1 mM phosphate (Pi) or 1 lM Pi for 6 days after germination. NPC4, non-specific phospholipase C4; PLDf2, phospholipase Df2. [Colour figure can be viewed at wileyonlinelibrary.com].
( Figure 8 ). In addition, we determined whether NPC4 and PLDf2 acted in a tissue-and/or a time-specific manner in response to Pi deprivation. In 5-day Pi-starved roots, the magnitude of increase in DGDG in WT, npc4 and pldf2 was similar, but a significantly smaller increase occurred in npc4pldf2. The npc4pldf2 roots also displayed a weaker degradation of phospholipids than that of WT, npc4 and pldf2. These results indicate that both NPC4 and PLDf2 contribute to the attenuated phospholipid hydrolysis, decreasing DAG for DGDG production during the earlier phase of Pi deficiency (Figure 8 ). The differences between the single and double mutants suggest that NPC4 and PLDf2 compensate for one another in phospholipid hydrolysis under Pi deficiency in roots. Consistent with the results, we found that the low Pi-induced level of the PLDf2 transcript was higher in npc4, whereas the NPC4 transcript was higher in pldf2 than WT. The reciprocal increase in PLDf2 and NPC4 expression in the npc4 and pldf2 single mutants, respectively, may explain the compensation for the loss of effect of NPC4 or PLDf2 on lipid hydrolysis in the early phase of Pi deprivation in roots. By comparison, the knockout of PLDf2 or NPC4 did not alter each other's expression in leaves. This is consistent with the lipid remodeling data, and the double mutant npc4pldf2 and Seedlings were germinated and grown in Pi-sufficient (1 mM) liquid medium for 5 days, and then transferred into medium containing 1 mM Pi or no Pi for indicated days. Values are means AE SD (n = 5). Different capital letters indicate differences at P < 0.05 among genotypes under sufficient Pi using one-way ANOVA. Different lower letters indicate differences at P < 0.05 among genotypes under deficient Pi by oneway ANOVA. Asterisk indicates the significant (P < 0.05) differences between same genotypes under sufficient Pi or deficient Pi conditions based on Student's t-test. NPC4, non-specific phospholipase C4; PLDf2, phospholipase Df2.
single npc4 and pldf2 mutants exhibit similar lipid composition in leaves under Pi deprivation for 5 days, indicating no apparent compensation of PLDf2 for NPC4 and vice versa in leaves at this stage.
However, the mutant effects on lipid changes vary at different durations of Pi deprivation. After 10 days of Pi deficiency, lipid changes in npc4 plants were almost identical to those in WT. In contrast, pldf2 leaves were lower in Lipid species (total acyl carbons:double bonds) (f) (e) (d) Figure 7 . Lipid species of 5-day phosphate (Pi)-starved roots and 10-day Pi-starved leaves of wild-type (WT), npc4, pldf2 and npc4pldf2 Arabidopsis. Molecular species of (a) digalactosyldiacylglycerol (DGDG), (b) phosphatidylcholine (PC) and (c) phosphatidylethanolamine (PE) in 5-day roots. Molecular species of (d) DGDG, (e) PC and (f) PE in 10-day leaves. Seedlings were germinated and grown in Pi-sufficient (1 mM) liquid medium for 5 days, and then transferred into medium containing 1 mM Pi or no Pi for 5 and 10 days. Values are means AE SD (n = 5). Different capital letters indicate differences at P < 0.05 among genotypes under sufficient Pi using one-way ANOVA. Different lower letters indicate differences at P < 0.05 among genotypes under Pi deficiency by one-way ANOVA. NPC4, non-specific phospholipase C4; PLDf2, phospholipase Df2.
MGDG but higher in PC and PE compared with WT, and the lipid changes in npc4pldf2 leaves were like those of pldf2, except for a lower level of DGDG compared with WT. PC levels decreased by 50% in WT and npc4, but only 10% in pldf2 and npc4pldf2, indicating that PLDf2 is primarily responsible for the PC decrease in leaves at this stage. The attenuated decrease in PC in both pldf2 and npc4pldf2 indicates that the loss of PLDf2 cannot be compensated by NPC4. However, it might be possible that the loss of NPC4 in 10 days of Pi limitation might be compensated by the function of PLDf2. In addition, comparison between pldf2 and npc4pldf2, especially on MGDG, DGDG, PC and PE molecular species, revealed the additive effect of NPC4 and PLDf2 on galactolipid synthesis and phospholipid hydrolysis. For instance, in 10-day Pi-starved leaves, npc4pldf2 had less decreased 36:6 PE and 36:5 PE than pldf2, even though the total PE levels in the two mutants were similar, indicating a role of NPC4 in PE hydrolysis on certain species. The results indicate that the effect of PLDf2 and NPC4 on membrane lipid remodeling is tissue-and time-specific, with the effect of NPC4 being apparent mainly in roots at 5 days, whereas that of PLDf2 being highly overt in leaves at 10 days after Pi deprivation (Figure 8 ). In addition, at 14 days of Pi limitation, the difference of membrane lipids among four genotypes disappeared except for PA and PG. The different effects of NPC4 and PLDf2 on lipid remodeling at different durations of Pi limitation suggest that PLDf2-and NPC4-mediated lipid hydrolysis contributes to membrane lipid remodeling at relatively early stages whereas, after prolonged Pi limitation, changes in lipid biosynthesis, such as increased galactolipid synthesis and decreased phospholipid production, play a predominate role in altering membrane lipid composition. Such lipid remodeling phenotypes result from a combination of redundant and unique functions of PLDf2 and NPC4, as well as other genes involved in lipid remodeling. Our earlier studies showed that 7 days after Pi starvation the transcript level of PLDf2 in leaves and roots was more than 10-fold that in Pi-sufficient WT (Li et al., 2006a) . In roots, the Pi-induced expression of PAH1 in pldf2 and npc4pldf2 was lower than WT and npc4, consistent with the finding that the loss of PLAf2 reduces the production of PA so that less PAH is required to hydrolyze PA to DAG. In leaves, npc4 and npc4pldf2 mutants displayed a higher PAH2 induction than WT, which could mean that the loss of NPC4 leads to a higher production of PA by another PLD, such as PLDf1, thus requiring more PAH2 expression, as suggested by our previous studies that showed that the transcript of PLDf1 increased under Pi deprivation (Li et al., 2006a) . The higher level of MDG3 induction under low Pi availability found in pldf2 and npc4pldf2 compared with npc4 and WT leaves could mean that when the lipid remodeling capability is compromised by the loss of PLDf2, the galactolipid biosynthesis activity is upregulated to compensate for the loss of PA and DAG source caused Dashed and solid lines highlight NPC4-and PLDf2-mediated lipid remodeling processes in 5-day Pi-depleted roots and 10-day Pi-depleted leaves, respectively. The thickness of lines indicates the contribution of specific reactions to the remodeling. In response to Pi deficiency, plasma membrane or endoplasmic reticulum localized phosphatidylcholine (PC) and phophatidylethanolamine (PE) are hydrolyzed by PLDf2 or NPC4 to generate phosphatidic acid (PA) or diacylglycerol (DAG), respectively. Such eukaryotic pathway-derived DAG is used to synthesize monogalactosyldiacylglycerol (MGDG) by MGDG synthase (MDG)2 and MDG3 on the chloroplast outer envelope membrane (OE), while MDG1 on the chloroplast inner envelope membrane (IE) synthesizes MGDG, which is transported to OE where DGDG synthase (DGD)1 and DGD2 catalyze the synthesis of digalactosyldiacylglycerol (DGDG), which is transported back into IE or transported to the extraplastidic membranes. Dotted lines indicate lipid movements. NPC4, non-specific phospholipase C4; PLDf2, phospholipase Df2. [Colour figure can be viewed at wileyonlinelibrary.com].
by the defect in PLDf2-mediated phospholipid hydrolysis. The need for increasing MGDG synthesis is indicated by lipid data that showed pldf2 and npc4pldf2 leaves had only about 20% of low-Pi-induced MGDG in WT and npc4. In roots, all mutants displayed a higher level of MGD3 induction because roots have a low level of galactolipids under normal growth, and a drastic increase in MGD3 expression may help to compensate for the loss of DAG produced from both NPC4 and PLDf2. Compared with WT, the low Piinduced DGD1 expression was WT > npc4 > pldf2 > npc4-pldf2. This gene expression pattern correlates with DGDG molecular species changes under Pi deficiency. For example, the low Pi-induced 34:3 DGDG was significantly lower in the double mutant, while the induced 34:2 DGDG was less in pldf2 and npc4pldf2 because DGD1 is the key enzyme for synthesizing DGDG from MGDG in the prokaryotic pathway (Klaus et al., 2002; Kelly et al., 2016) . One possible mechanism for the effect of PLDf2 and NPC4 on gene expression is the regulatory function of their lipid products PA and DAG. For example, PA and DAG production was suggested to repress the stress transcription factor DREB2 genes (Djafi et al., 2013) . PA was shown to bind to a MYB transcription factor WER and facilitate its nuclear translocation and thus its gene targets (Yao et al., 2013) .
The distinguishable effects of PLDf2 and NPC4 on lipid remodeling are consistent with the alterations in root and root hair phenotypes under Pi deprivation. Under Pi deficiency, all mutants displayed slower primary root elongation than WT, whereas the root growth of pldf2 and npc4pldf2 was similar but retarded more than npc4, suggesting that PLDf2 promotes the primary root growth. For root hairs, loss of NPC4, PLDf2 or both had no effect on root hair density or length under Pi-sufficient conditions. In contrast, under Pi limitation, npc4 has similar root hair density to WT, but decreased root hair length, indicating that NPC4 promotes root hair elongation. However, pldf2 showed an increase in root hair density and length under Pi starvation, compared with Pi-sufficient conditions, indicating that PLDf2 is a negative regulator of root hair density and elongation in response to Pi starvation. A similar effect on the root hair phenotype by pldf2 was reported in another study (Cruz-Ramirez et al., 2006) . Compared with pldf2, npc4pldf2 seedlings had similar root hair density, but shorter hairs. The results indicate that under Pi deficiency, NPC4 promotes, but PLDf2 suppresses, root hair elongation; whereas on root hair density, PLDf2 suppresses root hair numbers but NPC4 has no effect (Figure 8) .
The lipid changes in these mutants also shed some light on the role of PLDf2 and NPC4 in root and root hair phenotypes. One potential mechanism by which PLDf2 and NPC4 modulate root and root hair growth and development is via their reaction products PA and DAG used as signaling molecules. In addition, NPC-produced DAG can be phosphorylated to PA by DAG kinase. Previous reports have indicated that PA generated by PLDf2 and NPC4 promotes primary root elongation (Li et al., 2006a; Peters et al., 2010) . PA was reported to bind PDK1 to mediate root hair growth (Anthony et al., 2004) . PA derived from PLDf1 and PLDf2 was also shown to bind a MYB transcription factor WEREWOLF (WER) to translocate its cellular location and thus regulate root hair density (Yao et al., 2013) . Nod factor was reported to activate PLC and PLD in turn to produce DAG and PA, respectively, to induce root hair deformation in Vicia sativa (Den Hartog et al., 2001 ). NPC4-and NPC5-generated DAG participates in lateral root growth and development in response to abscisic acid or salt stress, respectively (Peters et al., 2010 (Peters et al., , 2014 . DAG content in npc4-1 roots and rosette was about 20 and 15%, respectively, lower than that in WT (Peters et al., 2010) . Moreover, DAG levels were found to increase under Pi starvation (Pant et al., 2015) . It has been proposed that DAG in itself has regulatory functions in root development (Peters et al., 2010 (Peters et al., , 2014 . Thus, it is likely that DAG produced by NPC4 and PA produced by PLDf2 may function as signaling messengers in Pi-starvation-induced molecular pathways. It is tempting to suggest that PLDf2 and its product PA modulate root hair density, whereas NPC4 and its lipid product DAG promote root hair elongation (Figure 8) . However, establishing the direct link is challenging because DAG and PA can be interconverted by lipid kinases and phosphatases. In addition, the present results on tissue-and duration-effects suggest that the temporal and spatial regulation of PLDf2 and NPC4 plays an important role in their effect on plant response to Pi deficiency.
EXPERIMENTAL PROCEDURES Plant materials and growth conditions
Seeds of T-DNA insertion mutants npc4 (Salk_046713) and pldf2 (Salk_094369) in the Arabidopsis thaliana ecotype Columbia-0 were obtained from Arabidopsis Biological Resource Center (ABRC) at The Ohio State University. The homozygous npc4pldf2 double mutant was identified by PCR using one specific primer from T-DNA (LBa1) and one specific primer from NPC4 or PLDf2 gene. The primer for T-DNA left border is 5 0 -TGGTTCACGTAGTGGGCCATCG -3 0 , and the primers for NPC4 and PLDf2 were 5 0 -CTACGAGGCATT-GAGATCGAG-3 0 and 5 0 -CGGCATTTACCTCTGGTACAG-3 0 , respectively. For plants grown in soil, seeds were sowed and germinated in a plastic pot under a long-day condition (16 h light 22°C/8 h dark 18°C) in a growth chamber with 70% relative humidity and 170 lmol m À2 sec À1 fluorescent light intensity. The plants were supplied with sufficient water and nutrients.
Pi treatments
For Pi-deficiency treatments, seedlings were either grown in agar plates vertically under the long-day condition or in a hydroponic medium with mild agitation under continuous light in six-well plates. A plant nutrient sucrose (PNS) medium was modified to adjust Pi concentrations. The PNS medium contained 2.5 mM KH 2 PO 4 , 5 mM KNO 3 , 2 mM MgSO 4 , 2 mM Ca(NO 3 ) 2 , micronutrient solution (Sigma M0529) and 1% sucrose with pH adjusted to 5.7.
The modified PNS contained 1 mM, 1 lM or 0 mM of KH 2 PO 4 as Pi source, and the resulting lack of K was supplemented with proper amounts of 1 mM KCl. Pi-free agar at 0.8-1.2% was added to make solid plates. Arabidopsis seeds were surface sterilized using 70% (v/v) ethanol for 1 min, and then 30% bleach for 7 min. The seeds were washed five times by sterilized water and subjected to 4°C for 2 days before being sowed on agar plates or hydroponic medium. Seeds were germinated and grown in agar plates for the number of days indicated. For hydroponic culture, seedlings were first grown in Pi-sufficient (1 mM Pi) medium for 5 days, and then transferred into Pi-sufficient or Pi-starved (0 mM Pi) media for the number of days indicated. The hydroponic medium was replaced with fresh medium every 2 days.
Membrane lipid analysis
Lipids were extracted from fresh seedlings, leaves or roots, and analyzed by electrospray ionization-tandem mass spectrometry (ESI-MS/MS) as described previously (Welti et al., 2002) . Briefly, the leaf or root materials were collected and put into hot isopropanol (75°C) with 0.01% butylated hydroxytoluene immediately for 15 min to inhibit phospholipase activity. Then, the tissues were extracted five times by chloroform/methanol (2:1 v/v), followed by a one-time wash with 1 M KCl and water, respectively. The lipids were dried under nitrogen gas and diluted appropriately based on the dry weight of materials with chloroform. Lipids were analyzed using ESI-MS/MS for phospholipids and galactolipids. The lipid profiling data were analyzed using software Analyst 1.5.1, and lipid levels were determined by comparison to internal standards (Li et al., 2006b) . Five biological replicates of each genotype were analyzed. One-way ANOVA analysis using the Holm-Sidak method was applied to determine the significant (P < 0.05) differences between genotypes of same Pi treatments. Differences between the same genotypes under Pi-sufficient or -deficient conditions were compared to test significance (P < 0.05) using Student's t-test.
RNA extraction, semi-quantitative RT-PCR and qRT-PCR
RNA extraction and qRT-PCR analysis of gene expression were previously described (Li et al., 2011) . Total RNAs were extracted from leaves or roots using an RNeasy Plant Mini Kit (Qiagen 74904), followed by DNase treatment using an RNase-free DNase set (Qiagen 79254). Then, 1 lg RNA was reverse transcribed into cDNAs using a qScript cDNA Synthesis Kit (Quanta 95047) according to the user's manual. SYBR green fluorescent dye was applied in each PCR reaction and the samples were loaded into the MyiQ real-time PCR detection system (Bio-Rad). The concentrations of samples were normalized based on the expression of internal control Ubiquitin 10 (UBQ10). Expression levels of target genes were normalized to UBQ10. The qRT-PCR program was as follows: one cycle of 95°C for 3 min; 40 cycles of 95°C for 30 sec, 56°C for 30 sec, 72°C for 30 sec; and final extension at 72°C for 10 min, followed by melting curve analysis. Normalized cDNAs of WT, npc4, pldf2 and npc4pldf2 were used to run semi-qRT-PCR using 30 cycles. All the primers used were listed in Table S1 .
Root trait measurement
For root phenotype observations, seedlings were germinated and grown in PNS agar (1.0-1.2%) plates with 1 mM Pi or 1 lM Pi for the number of days indicated. Seedlings at 10 days after germination were measured for primary root length and lateral root number. For root hair density and length measurements, seedlings at 6 days after germination were used and roots were photographed under a microscope. Root hairs at 0-5 mm from the root tip were counted, and the length of root hairs at 3-4 mm from the root tip was determined using image J (http://imagej.nih.gov/ij/). Figure S1 . Root tips of WT, npc4, pldf2 and npc4pldf2 under Pireplete and -deplete conditions. Figure S2 . PA, PG, PI and PS levels of WT, npc4, pldf2 and npc4-pldf2 in roots and leaves with 5-day and 10-day Pi treatments. Figure S3 . Lipid profiling of WT, npc4, pldf2 and npc4pldf2 roots and leaves with 14-day Pi treatment. Figure S4 . MGDG molecular species of 10-day Pi-starved WT, npc4, pldf2 and npc4pldf2 leaves. Table S1 . Primers used for semi qRT-PCR and real time PCR.
